Summary Photosynthetic induction responses to abrupt increases in photon flux density (PFD) , and A 100 /A max (A max = maximum assimilation rate), in both the gap and the understory. Time required for full induction depended on both background PFD and maximum PFD. The induction period was 2--4-fold shorter at a background PFD of 100 µmol m −2 s −1 than in darkness. For the three understory species, time required to full induction was 2--3-fold longer when irradiance was increased from darkness to 800 µmol m −2 s −1 than when irradiance was increased from darkness to 1500 µmol m −2 s −1
Introduction
Understanding the dynamics of photosynthetic responses to variable irradiance is of importance in explaining ecological distribution and natural succession (Küppers and Schneider 1993) . The degree to which a high state of induction can be maintained during variable irradiance partially determines a species' capacity to exploit sunflecks within plant canopies (Pearcy 1990) . Previous studies have shown that the induction state of the photosynthetic apparatus is dependent on the capacity for RuBP regeneration (Sassenrath-Cole and Pearcy 1992) , the capacity for Rubisco-catalyzed carboxylation (Seemann et al. 1988) , and leaf stomatal conductance (TinocoOjanguren and Pearcy 1992) . Measurements of dynamic photosynthetic responses in controlled laboratory conditions have indicated that light-use efficiencies during sunflecks are higher in shade plants than in sun plants because of faster photosynthetic induction and greater post-illumination assimilation in shade plants (Chazdon and Pearcy 1986 , Tang et al. 1994 . However, there have been few studies of photosynthetic plasticity to variable irradiance in species under field conditions (Chazdon and Pearcy 1986 , Kursar and Coley 1993 , Poorter and Oberbauer 1993 , Chen and Klinka 1997 , Valladares et al. 1997 . Furthermore, because the variability of light acclimation in photosynthetic behavior among species under natural conditions has rarely been examined (Kursar and Coley 1993, Poorter and Oberbauer 1993) , little is known about the dynamic responses of net photosynthesis to light acclimation under field conditions.
Under the temporal patterns of sunfleck and shade within a canopy, the induction state is likely to be continuously modulated as irradiance changes. At a given time, the actual induction state will be a function of the previous induction state as determined by the previous light history, the equilibrium induction for the current light environment, and the time constants of the component processes that govern the rate of change in induction state. However, there are few studies on the effects of previous light history on the photosynthetic induction response (Valladares et al. 1997) .
Fagus crenata Blume (Japanese beech), a late-successional and climax species, is ecologically the most important forest tree species in the cool-temperate natural forests of the mountain zone in Japan (Ishizuka 1974) . It is moderately shade tolerant and capable of regenerating under its own canopy. With decreasing light availability, its specific leaf area increases and dark respiration rate decreases (Liang et al. 1995) . These changes are likely to make saplings more efficient in capturing light energy in a light-limiting environment. A higher light-use efficiency, if it exists, may be attributed to either faster induction responses or higher net photosynthetic rates under conditions of constant irradiation.
Daphniphyllum humile Maxim., an evergreen shrub, often exists in the F. crenata forest understory. Acer rufinerve Siebold & Zucc., a tree species that prefers sunny and moist places, often forms the sub-canopy in F. crenata forests (Karizumi 1979) . However, there are no studies on the ecophysiological characteristics of these two species.
The objectives of this study were: (1) to characterize the photosynthetic gas exchange parameters and the time course of photosynthetic induction responses to various irradiances in D. humile, A. rufinerve and F. crenata growing in gaps and the understory; (2) to explain the discrepancies in responses among species and habitats; and (3) to demonstrate possible influences of initial or background irradiance on the relative significance of stomatal or biochemical limitations in photosynthetic responses to sunflecks.
Materials and methods

Study site and species
Measurements were conducted on seedlings growing in a gap or understory of the Fagus crenata forest at Naeba Mountain in Niigata Prefecture, Japan (36°51′ N, 138°40′ E, altitude 700 m), in August 1997. Mean annual precipitation near the site is 1778 mm, according to a 30-year record from 1967 to 1996 (Japanese Bureau of Meteorology). The forest gap (about 150 m 2 ) was naturally formed by a typhoon that occurred in 1992. The forest understory site was about 30 m from the gap. The forest gap received solar irradiance of 5.9 mol photons m −2 day −1 (20.7% of above-canopy irradiance) and the forest understory received 1.6 mol photons m −2 day −1 (5.6% of abovecanopy irradiance), based on mean values of four PAR sensors for each site recording at 10-min intervals from June to September 1997. Background photosynthetic photon flux density (PFD) was about 100 and 50 µmol m −2 s −1 for the gap and understory, respectively, based on mean values of four PAR sensors for each site recording at 10-s intervals on five typically clear days in August 1997. Naturally occurring seedlings of the three study species (6--8-years-old, 40--80 cm tall) were selected for study in both the gap and the understory. Plants growing near the center or southern side of the gap were chosen as gap samples.
Gas exchange measurements
Measurements of water vapor and CO 2 exchange of attached leaves were made in their natural environments with a Compact CO 2 /H 2 O Porometer (CQP-130, Heinz Walz GmbH, Effeltrich, Germany). The humidity in the chamber was controlled by saturating the air with water vapor and then condensing it to a required dew point with a gas cooler (MGK-4, Heinz Walz GmbH). Air temperature in the chamber was controlled with a Peltier unit together with a water-jacketed chamber and a continuously recirculating buffer of water (KMC, Koito, Yokohama, Japan). Light was provided uniformly to the leaves with four 12-V, 50-W tungsten-halogen lamps (K5GX-H, Toshiba, Tokyo, Japan) set in a 2 × 2 arrangement. Photosynthetic photon flux density was changed by adjusting either the distance between the leaves and the lamps or the focus of the lamps. All measurements were made at temperatures between 21.5 and 22.3 °C and moderate vapor pressure deficits (6.1 to 9.1 Pa kPa
−1
). Four light regimes were designed by combining two low background PFDs (0 and 100 µmol m −2 s −1
) and two PFDs that were above the photosynthetic light saturation threshold for the three species (800 and 1500 µmol m −2 s
). The Compact CO 2 /H 2 O Porometer simultaneously measured the transient water vapor and CO 2 differences between the measuring gas (gas path through the chamber) and the reference gas (ambient air) with a four-channel infrared gas analyzer (IRGA). The volume of the measuring chamber was 188 ml. Induction measurements were made at a flow rate through the chamber and the IRGA of 1000 ml min −1 to minimize lags caused by the IRGA. To minimize instrumentation lags further, the Teflon connection hoses between the chamber and the IRGA analyzer were shortened to one meter. Under these conditions, the total instrumentation lag was estimated to be about 3 s. Data were not corrected for instrumentation lags because they accounted for only a small proportion of the measured responses (less than 0.8% of the time required to reach 100% of induction in the fastest leaf). Seedlings used for dynamic gas exchange measurements were shaded with an opaque umbrella. Measurement leaves were covered with black plastic bags for more than one hour before the measurements to prevent photosynthetic induction. The leaf was sealed in the porometer chamber. When steady state gas exchange readings at the background PFD (0 or 100 µmol m −2 s −1
) were reached, measurements were made at 10-s intervals. After 240 s at the background PFD, light was increased to photosynthetically saturating PFD (800 or 1500 µmol m −2 s
). Data continued to be recorded for several minutes after a steady-state maximum net photosynthetic rate (A max ) was achieved. Dark respiration (R d ), net photosynthetic rate at 100 µmol m −2 s −1 (A 100 ), A max , as well as initial and maximum stomatal conductance (g s0 /g s100 and g smax , respectively) were obtained and included for statistical comparisons. Times to 50 and 100% induction were calculated; i.e., the length of time taken to achieve 50 and 100% of A max , respectively (Chazdon and Pearcy 1986) . Each value of maximum net photosynthetic rate was compared with the corresponding value obtained 5 min later. If the two readings were within 1% of each other, 100% induction was considered to have been reached. For each species, three leaves from three individuals were measured for induction responses. Photosynthetic responses to CO 2 concentration were measured for all study species with the CQP-130 system. Air of known CO 2 concentration (seven steps from 0 to 1000 ppm) was prepared by mixing (GMA-2, Heinz Walz GmbH) CO 2 -free air with compressed CO 2 from a gas cylinder. For each species, only one leaf was measured for photosynthetic responses to CO 2 concentration.
Electron transport measurements
Yields of PSII and incident PFD were measured simultaneously with the photosynthetic induction measurements for the same leaf or an adjacent leaf under ambient temperature and humidity conditions. The measurements were made with a portable pulse-modulated chlorophyll fluorometer (Mini-Pam, Heinz Walz GmbH). Actinic light was provided by the light source as described above. During the course of the experiments, saturating pulses of white light were applied to obtain F m ′ for estimation of the yield of PSII, (F m ′ − F)/F m ′, where F is the fluorescence measured briefly before the saturating light pulse (Genty et al. 1989) . For the first minute after the induction measurements, saturating pulses were applied at 20-s intervals, then at 1-min intervals for 1--10 min, and at 5-min intervals thereafter. Electron transport rates were calculated as the yield of PSII multiplied by leaf absorptance (0.84 was used in this study), and divided by a factor of 2 to account approximately for the sharing of absorbed photons between PSI and PSII (Krall and Edwards 1992) . Maximum electron transport rates (ETR max ) obtained in these induction experiments were used in statistical comparisons among the three species and between the gap and understory sites.
Statistical analysis
The photosynthetic response curves to varying CO 2 concentration were fitted by a least-squares fit to corresponding models (von Caemmerer and Farquhar 1981) by the nonlinear regression (Marquardt-Levenberg algorithm) routine in SigmaPlot (Jandel Scientific, San Rafael, CA). Multiple comparisons were carried out by Student's t-test at P < 0.05 unless indicated otherwise.
Results
Gas exchange parameters under constant light
In F. crenata, R d and A max were significantly lower in understory seedlings than in gap seedlings, whereas A 100 and g s100 were significantly higher in understory seedings than in gap seedlings (Table 1) . Daphniphyllum humile seedlings in the understory exhibited lower values for most of the steady-state gas exchange parameters studied than seedlings in the gap, except for A 100 and g s100 . Acer rufinerve seedlings showed greater A max and ETR max in the gap than in the understory; however, its stomatal parameters and A 100 were 2-to 4-fold higher in the understory than in the gap.
In the gap, there were no significant differences for R d among the three species (Table 1) 
Time course of photosynthetic induction and the effect of previous PFD on induction
The time course of induction varied from a hyperbolic to a sigmoidal increase in net photosynthesis (Figure 1 ). All three species in the understory showed a sigmoidal increase in net photosynthesis when irradiance was increased from darkness to 800 µmol m −2 s −1 (Figure 1a , filled circles). However, net photosynthetic rates increased hyperbolically in the understory seedlings when irradiance was increased from darkness to 1500 µmol m −2 s −1
, or from 100 µmol m −2 s −1 to 800 or 1500 µmol m −2 s −1 (Figures 1d, 1g and 1j, filled symbols). The gap seedlings also showed a hyperbolic increase in net photosynthetic rates in all of the irradiance treatments (Figures 1a, 1d,  1g and 1j, open symbols). The hyperbolic response was characterized by a rapid increase in photosynthetic rate to 50--80% of A max and a sudden drop in intercellular CO 2 concentration (C i ) (Figure 1 , right column). In the sigmoidal response, photosynthetic induction occurred in two phases, an initial rapid phase followed by a slow, gradual rise to the steady-state rate. For leaves exhibiting a sigmoidal induction response, C i also dropped in two phases ( Figure 1c , filled circles). The rise in ) 56.7 ± 10.1 aA 34.6 ± 1.9 aA 174.2 ± 12.6 aB 39.9 ± 2.8 bA 105.1 ± 12.7 aC 40.8 ± 8.5 bA stomatal conductance always lagged behind the increase in assimilation rate (Figures 1b, 1e, 1h and 1k) . The photosynthetic response of the leaves to a sudden increase in PFD showed an induction period of 6--50 min before A max was achieved (Table 2) . Time required to full induction depended on both the background PFDs and the saturating PFDs. For the three species in the understory and A. rufinerve grown in the gap, the time required to full induction was 2--3-fold longer when light was increased from darkness to 800 than when it was increased from darkness to 1500 µmol m −2 s −1 (Figure 2 ), whereas the induction period was similar in gap-grown F. crenata for these light regimes, and D. humile grown in the gap required a shorter time to full induction when light was increased from darkness to 800 than when it was increased to 1500 µmol m −2 s −1
. In both the gap and the understory, the three species generally showed a 2--4-fold shorter induction period when the background PFD was 100 µmol m −2 s −1 compared with darkness ( Figure 3b ). Daphniphyllum humile grown in the gap was an exception, but the background PFD also shortened the time required to reach 50% induction in this species (Figure 3a) . The three species in the understory had already reached 50--80% relative induction at 100 µmol m −2 s −1 (Figure 3a ). There was no significant difference in induction period for the three species grown in Table 2 . Time to reach 50% and 100% of steady-state photosynthetic rates (A max ) during induction for leaves of studied species exposed to different light regimes. Values are means for three leaves each from a different tree ± SE. Different lowercase and uppercase letters adjacent to a mean indicate a significant difference between the same species at the two sites (P < 0.05, Student's t-test) and between different species at the same site (P < 0.05), respectively. Understory 0 → 800 50% A max 4.7 ± 1.1 9.2 ± 0.6 0.9 ± 0.4 14.3 ± 1.0 6.1 ± 2.4 6.5 ± 1.2 100% A max 29 ± 1.2 aA 30.2 ± 0.8 aA 10.3 ± 0.9 aB 34.8 ± 1.2 bA 49.1 ± 13.1 aC 23.5 ± 1.0 bB 0 → 1500 50% A max 4.8 ± 0.6 1.9 ± 0.4 2.0 ± 0.2 1.1 ± 0.1 1.3 ± 0.4 1.7 ± 0.5 100% A max 20.2 ± 0.6 aA 16.2 ± 0.5 aA 22.6 ± 0.6 aA 11.2 ± 0.2 bA 23.2 ± 0.5 aA 12.7 ± 0.3 bA 100 → 800
14.6 ± 2.1 aA 9.3 ± 0.5 aA 9.0 ± 0.7 aB 7.5 ± 0.2 aA 37.2 ± 5.0 aC 12.3 ± 0.3 bA 100 → 1500
14.8 ± 3.4 aA 7.7 ± 0.4 bA 10.8 ± 1.3 aA 9.7 ± 0.5 aA --5 the gap or the understory when PFD was increased from 100 to 800 or from 100 to 1500 µmol m −2 s −1 (Table 2 , P > 0.1).
Acer rufinerve seedlings exhibited a shorter induction period in the understory than in the gap in the same light regime (Figure 4 , P < 0.01; Table 2 ). Fagus crenata exhibited similar induction periods in the gap and understory when leaves were pre-darkened (P = 0.82). Daphniphyllum humile seedlings showed a longer induction period in the understory than in the gap when light was increased from darkness to 800 µmol m −2 s −1 (P < 0.05).
In the gap, A. rufinerve required a longer induction period than F. crenata, which in turn needed a longer induction time than D. humile (Table 2 ). In the understory, however, A. rufinerve tended to require a shorter induction period than F. crenata and D. humile.
To separate stomatal and biochemical limitations during photosynthetic induction, the steady-state photosynthetic response to intercellular CO 2 concentration (C i ) was plotted (Figures 5 and 6 ; note that the photosynthetic induction state is shown in 10-s intervals for the first minute, and in 1-min intervals thereafter). In the understory, the three species exhibited relatively high induction states at a background PFD of 100 µmol m −2 s −1 (Figure 5 , thin arrows and number zero next to squares and diamonds). When the leaves held at a PFD of 100 µmol m −2 s −1 were exposed to high PFDs, the assimilation rate fell along the steady-state CO 2 photosynthetic response curve within 1 min, indicating that photosynthetic induction was primarily limited by stomata. On the other hand, when irradiance was increased from darkness, C i reached a constant value whereas the rate of photosynthesis continued to increase, except in D. humile exposed to an irradiance of 1500 µmol m −2 s −1 ( Figure 5 , thick arrows next to circles and triangles). At the constant high irradiance, the interaction between the increase in carboxylation efficiency and the increase in CO 2 supply mediated by stomatal opening determined the relationship between photosynthesis and C i after C i reached a constant value. Thus, mainly biochemical limitations accounted for the further increase in photosynthesis at constant C i . Moreover, the induction state measured 1 min after exposure to a high PFD (thin arrows and number one) was higher and the time required to reach constant C i (thick arrows) was 3-fold shorter when the leaves were exposed to 1500 (triangles) than to 800 µmol m −2 s −1 (circles).
Photosynthesis also continued to increase after C i reached a nearly constant value in the three gap species when light was increased from darkness, except for D. humile exposed to 800 µmol m −2 s −1 (Figure 6 , thick arrows next to circles and triangles). Although a relatively high induction state was observed (thin arrows and number zero next to squares and diamonds), and C i reached a constant value more rapidly when light was increased from a background PFD of 100 µmol m −2 s −1 than from darkness, further increases in photosynthesis at Figure 2 . Time to reach full photosynthetic induction (T 100 ) for seedlings grown in the gap (G) and understory (U) when pre-darkened leaves were exposed to high irradiances. Values are means ± SE of three leaves from three individuals. Significant differences between values are indicated by asterisks: * = P < 0.05 and ** = P < 0.01. . Values are means ± SE for three leaves, each from a different tree. Significant differences between values are indicated by asterisks: * = P < 0.05 and ** = P < 0.01. Figure 4 . Relationship between time to reach full photosynthetic induction (T 100 ) and initial stomatal conductance (g s0 ) for seedlings grown in the gap and understory. Values are means ± SE of three leaves, each from a different tree. Significant differences between values for the two habitats are indicated by asterisks: * = P < 0.05 and ** = P < 0.01.
constant C i seemed to be mainly limited by biochemical factors. In this respect gap seedlings differed from those in understory habitats. Among the species investigated, F. crenata seedlings grown in the gap exhibited the highest induction state at a background PFD of 100 µmol m −2 s −1 (thin arrows and number zero next to squares and diamonds), and D. humile seedlings demonstrated the highest induction state measured 1 min after exposure to high PFDs (thin arrows and number one next to squares and diamonds). The ETR time courses during photosynthetic induction were similar for all three species in both habitats (Figure 7) . Following exposure to high PFDs, ETR increased rapidly and reached steady-state values in 5--10 min. When leaves were held at 100 µmol m −2 s −1 before PFD was increased, ETR reached steadystate values more quickly than leaves held in darkness. The tendency was most apparent for the three understory species.
Discussion
The three species investigated differed in acclimation to their light environments under field conditions. In F. crenata seedlings, both R d and A max were significantly greater in the gap than in the understory; however, A 100 and g s100 were significantly greater in the understory than in the gap (Table 1) . Daphniphyllum humile seedlings exhibited greater values for most gas exchange parameters measured in the gap than in the understory. Acer rufinerve seedlings showed higher A max and ETR max in the gap than in the understory, whereas their stomatal parameters as well as A 100 were 2--4-fold greater in the understory than in the gap. In both the gap and understory, F. crenata exhibited the greatest A 100 , g s100 and A 100 /A max values among the three species, indicating that F. crenata may use diffuse light more efficiently than the other two species, which would account for its more vigorous growth in the forest understory. Maximum ETR for gap-grown D. humile was high and probably overestimated. We used a value of 0.84 for light absorptance for all species in both habitats; however, leaves of D. humile are coriaceous, lustrous above and glaucous beneath, which may result in a lower light absorptance, and thus an overestimation of ETR. Differences in photosynthetic acclimation to light among the three species were also exhibited in the induction response. Acer rufinerve seedlings had a shorter induction period in the understory than in the gap (Figure 4 ). Fagus crenata seedlings had similar induction periods in the gap and understory, whereas D. humile seedlings showed a longer induction period in the understory than in the gap. These results are inconsistent with previous laboratory Pearcy 1992, Tang et al. 1994 ) and field (Poorter and Oberbauer 1993 , Küppers et al. 1996 , Chen and Klinka 1997 studies showing that photosynthetic induction responses to a sudden increase in PFD occur more rapidly in understory-grown seedlings than in gap-grown seedlings. Also, Kursar and Coley (1993) did not find intraspecific differences between individuals in gap and in understory environments.
We observed an important role of initial stomatal conductance (g s0 ) in the photosynthetic induction response. Daphniphyllum humile seedlings exhibited lower g s0 in the understory than in the gap, and understory-grown seedlings required a longer time for full photosynthetic induction than gap-grown seedlings (Figure 4) . In contrast, A. rufinerve seedlings showed higher g s0 in the understory than in the gap, and understory-grown seedlings achieved full induction more quickly than gap-grown seedlings. Because there were no significant differences in g s0 between gap-and understory- grown F. crenata, the photosynthetic induction period was similar in gap-and understory-grown seedlings. A significant correlation between the rate of induction and initial stomatal conductance has also been found for six tropical rainforest shrubs (Valladares et al. 1997 ).
The time required to reach full photosynthetic induction varies among species (Chazdon 1988 , Kursar and Coley 1993 , Poorter and Oberbauer 1993 and depends on: (1) the duration and PFD of the prior low light condition (Pons et al. 1992, Sassenrath-Cole and Pearcy 1994) ; (2) other ecological factors such as temperature (Küppers and Schneider 1993) and water status (Tinoco-Ojanguren and Pearcy 1993 , Muraoka et al. 1997 ; and (3) the PFD during induction (Chen and Klinka 1997) . Chen and Klinka observed that, with increasing PFD, more time was required for both understory-and open-grown Pseudotsuga menziesii (Mirb.) Franco branches to reach full photosynthetic induction. Although we observed similar results for gap-grown D. humile, for the other species grown both in the gap and the understory, we found contrary results when dark-adapted leaves were exposed to high PFDs. In the study by Chen and Klinka (1997) , both high PFDs were lower than the photosynthetically saturated light of the species studied, whereas the high PFDs in our experiments were higher than the photosynthetic saturation points of the species studied. Perhaps this difference accounts for the discrepancy between the studies. In addition, we found that the intensity of high PFDs had less effect on the time required for full photosynthetic induction when leaves were previously illuminated at PFDs of ≤ 100 µmol m −2 s −1 (Table 2 ).
In both the gap and the understory, ETR of the three species reached steady-state values in 5--10 min when leaves were dark-adapted before exposure to high PFDs (Figure 7 , circles and triangles). Similar results were found for rainforest understory plants (Watling et al. 1997 ). In our study, photosynthetic rates reached steady-state values more slowly than ETR (Table 2), indicating that slower induction of photosynthesis was not caused by a delay in the induction of ETR. These results are consistent with those of Kursar and Coley (1993) , who found that the induction of O 2 evolution was more rapid than the induction of CO 2 fixation. It has been reported that the rate of regeneration of ribulose-1,5-bisphosphate (RuBP) is determined by ETR (Evans 1996) , and the activity of Rubisco is highly correlated with ETR (Harbinson et al. 1990 , Krall et al. 1995 . In response to a sudden increase in irradiance from 100 to 800 or 1500 µmol m −2 s −1
, ETR of our understory seedlings reached maximum values within 1 min (Figure 7 , closed squares and diamonds), suggesting that Rubisco activity also quickly reached a maximum ( Figure 5 , thin arrows and number one next to squares and diamonds) set by the rate of regeneration of RuBP. Perhaps the high Rubisco activity achieved during prior exposure to the background PFD of 100 µmol m ponent that is associated with the regeneration of RuBP and the buildup of Calvin-cycle metabolites (Sassenrath-Cole and Pearcy 1992) and a slower increase in assimilation because of light regulation of Rubisco and light-driven stomatal opening (Pearcy 1990 ). An unresolved issue concerning the limitation on induction is the relative importance of stomatal opening versus light activation of Rubisco. Some studies show that stomata play a major role (Chazdon 1988 , Valladares et al. 1997 , whereas other studies indicate that biochemical capacity exerts a major limitation during the slow phase of induction (Pons et al. 1992, Kursar and Coley 1993) . We found that the patterns of photosynthetic induction were correlated with growth irradiance, the irradiance plants experienced before a sudden increase in irradiance, and the extent of the increase in irradiance. Thus, stomatal limitation was the major factor limiting induction in understory-grown seedlings when PFD was increased from 100 µmol m −2 s −1 ( Figure 5 , squares and diamonds). However, biochemical factors played a more important role than stomata in limiting photosynthetic induction of gap-grown seedlings of the three species, and their effect was independent of the background PFD ( Figure 6 ). Furthermore, for all three species in both habitats, biochemical factors were the primary limitation when the induction response was initiated from darkness ( Figures 5 and 6 , circles and triangles).
